A Hyal2-type hyaluronidase of Xenopus laevis (Xhyal2) was characterized by molecular cloning, biochemical analysis and ectopic overexpression in embryos. When expressed in Xenopus oocytes, Xhyal2 exists as a soluble protein in the extracellular space and in intercellular compartments as well as being attached to the cell surface through a glycosyl-phosphatidyl-inositol anchor. This enzyme specifically degrades hyaluronan not only at acidic pH values but more slowly also under physiological conditions. Xhyal2 is differentially expressed during embryogenesis. Particularly striking is the high level of expression in the developing brain, the head mesenchyme and the pronephros. Elevated levels of mRNA were also found in endothelial cells which will later form vascular structures. Ectopic overexpression of Xhyal2 in frog embryos causes loss of hyaluronan in the cellular environment. This causes severe defects in the assembly of the highly structured plexus of the vitelline vessels from prevascular endothelial cells. Our data support the notion that the level of Xhyal2 expression determines the organization of the extracellular environment so that cells can merge and/or migrate within an originally impenetrable matrix. q
Introduction
Hyaluronan (HA) is a polysaccharide composed of repeating units of the structure [d-glucuronic-acid (1-b-3 ) N-acetyl-d-glucosamine (1-b-4)]. Enzymatic polymerization of HA takes place directly at the plasma membrane. The exported polysaccharide binds large amounts of water. It also interacts with a variety of receptor proteins (hyaladherins) resulting in the formation of stable pericellular matrices (Lee et al., 1993) . These cell coats have several functions. In particular, the osmotic pressure produced by hydrated HA and proteoglycans may generate cell-free spaces which are important for cell migration and embryonic pattern formation.
The biological effects of HA on cell behavior depend on the size of the polysaccharide chains. Short HA chains have been shown to stimulate cell proliferation and to initiate signaling cascades; they are also involved in angiogenesis (West et al., 1985) and inflammatory responses (Noble et al., 1996) . On the other hand, high molecular weight HA chains have opposite effects (reviewed in West et al., 1998) .
High concentrations of these molecules inhibit angiogenesis (Balazs and Darzynkiewcz, 1973) , induce regression of the capillary plexus in the developing chicken limb bud (Feinberg and Beebe, 1983 ) and inhibit endothelial cell (EC) proliferation (West and Kumar, 1989) and migration (Sattar et al., 1994) .
HA is already detectable in the early vertebrate embryo (Brown and Papaioannou, 1993) . It is often found in regions where cell migration takes place. HA is, for example, implicated during the closure of the posterior neuropore (Schoenwolf and Fisher, 1983) , the morphogenesis of the heart valves (Markwald et al., 1978) , limb development (Krenn et al., 1991) and the development of semicircular canals of the inner ear (Haddon and Lewis, 1991) . Increased HA synthesis during postnatal brain development has furthermore been postulated to stimulate the migration of neuronal axons (Oohira et al., 1986) . Termination of cell migration and subsequent differentiation are associated with HA degradation (Maleski and Knudson, 1996) . These examples strongly suggest that the HA content of certain tissues has to be precisely controlled. The level of HA is obviously determined by de novo synthesis (Weigel et al., 1997) as well as removal of the polymer from the extracellular space. Little is known as to what extent tissue hyaluronidases or HA endocytosis with subsequent hydrolysis in lysosomes contri-bute to the latter processes. In this contribution, we present further evidence that differential expression of a hyaluronidase is actually critical in controlling the HA content of extracellular matrix (ECM) in embryos of Xenopus laevis.
HA-degrading enzymes have been isolated from diverse sources such as mammalian testes, snake and insect venom, salivary glands of leeches, and several pathogenic microorganisms. The first eukaryotic hyaluronidase that could be analyzed at the molecular level was from bee venom . This enzyme was found to be related to a protein termed PH-20, which is located on the head of mammalian sperm . Hyaluronidase activity can also be found in many other mammalian tissues as well as in serum (Frost et al., 1997) . A lysosomal hyaluronidase from human, termed HYAL2, is present in all tissues except the adult brain .
As reported earlier, HA is synthesized by the HA synthases XHAS1/DG42 and XHAS2 and secreted into the extracellular space of ecto-and mesodermal cells as well as between the meso-and endodermal cell layers of the developing Xenopus embryo (Köprunner et al., 2000) . To study the role of HA degradation during early embryogenesis, cellular differentiation and pattern formation of vertebrates we have as a first step characterized the expression pattern and biochemical properties of a Xenopus hyaluronidase that is similar to mammalian HYAL2 . Ectopic overexpression of this HA-degrading enzyme leads to an effective loss of HA from the ECM.
Results

Isolation and characterization of Xhyal2 cDNA
Degenerated oligonucleotides were designed based on an alignment of the protein sequences of various hyaluronidases (bee venom hyaluronidase, HYAL1, HYAL2, and human PH-20). By nested PCR using genomic DNA prepared from skin of adult Xenopus laevis frogs as a template, these primers amplified a DNA fragment which was subsequently radiolabeled and used to probe a cDNA library derived from stage 24 Xenopus laevis embryos (Richter et al., 1988) . A full-length, polyA tailed cDNA was isolated with an open reading frame coding for a protein of 477 amino acids. The first 18 residues at the amino terminus are predicted to form a hydrophobic signal peptide that is presumably cleaved at an ANA/QL sequence upon traversing the endoplasmic reticulum membrane (Nielsen et al., 1997) . The deduced amino acid sequence was found to be highly similar to HYAL2 (52.6%), whereas only 43.4% of the sequences are identical in HYAL1 and even less in a comparison with PH-20-type hyaluronidases (see Fig. 1 ). Furthermore, both the human HYAL2 and the Xenopus protein were approximately the same length, with a segment rich in hydrophobic amino acids at the carboxy-terminus. All this indicates that the isolated cDNA codes for the Xenopus homologue of HYAL2 and therefore will be referred to as Xhyal2. Analogous to the human enzyme, it is likely that Xhyal2 represents the ubiquitously expressed lysosomaltype hyaluronidase in adult Xenopus.
Spatiotemporal expression pattern of Xhyal2
Total RNA extracted from adult organs and tissues was used for Northern blots. Xhyal2 mRNA was present in all cases with the exception of brain (data not shown). Furthermore, Xhyal2 was also found in eggs.
The expression pattern of the Xhyal2 gene in embryos of stage 9-40 was studied by whole-mount in situ hybridization with a digoxigenin-labeled anti-sense RNA probe. At late blastula stages, Xhyal2 was found to be expressed in the animal region of the presumptive ectoderm. At the onset of gastrulation, this gene is also turned on in the superficial layer of the dorsal equatorial cells (Fig. 2A) . Furthermore, as the invagination and constriction of the blastoporus proceeds, Xhyal2 is concomitantly upregulated towards the ventral side of this cell layer. In neurula stages, enhanced levels of Xhyal2 were present in the prechordal mesoderm, the neuroectoderm and the epidermis (Fig.  2B,C) . During mid-neurula stages, transcription of the gene was highest in the embryonic nervous system, in particular in the lateral part of the neuroectoderm. Later on, Xhyal2 transcription was found to be uniformly upregulated in the entire developing nervous system (Fig. 2D) . In addition, Xhyal2 mRNA could also be detected in the eye anlagen, the pronephros, the cells lining the duct of the forming ureter (Fig. 2G) as well as the posterior cardinal vein (Fig.  2H) . From stage 35 on, embryos transiently expressed Xhyal2 also in prevascular endothelial cells (PVEC), which later form vitelline vessels (Fig. 2E ,G,H) and intersomitic vessels (Fig. 2G) . When the opaque tadpoles were rendered transparent by submersion in tetrahydro-naphthaline, we observed high levels of Xhyal2 expression in the precursors of the common cardinal veins (Fig. 2F) . Furthermore, enhanced mRNA levels were detected in the tip of the tail (Fig. 2E ) and the notochord (Fig. 2H) . Histological sectioning also revealed that Xhyal2 was most abundantly expressed by migratory endothelial precursor cells of the branchial arches (data not shown). In tadpoles, expression also was detectable in the developing spleen (data not shown).
Characterization of the Xhyal2 enzyme
Xhyal2 was expressed in Xenopus oocytes by means of cRNA injection. Some of the enzyme was found in intracellular vesicles when treating a partially purified membranous fraction with proteinase K (Fig. 3A) . This result was also observed when the concentrations of proteinase K and/ or the periods of incubation were varied. Since in any case only partial protection of Xhyal2 was detectable, and concomitantly, considerable amounts of exposed expression product were degraded, we contemplated the possibility that Xhyal2 could be shuttled to the endosomal compartment via the plasma membrane, an alternative way of sorting proteins to endosomes. We therefore analyzed the culture medium of Xhyal2-expressing oocytes and moreover supplemented the medium with phospholipase C. In both cases, radiolabeled soluble Xhyal2 was detectable. This clearly shows that Xhyal2 is actually present at the outer side of the cell. In this case furthermore, Xhyal2 comes with different flavors, as a glycosylphosphatidyl-inositol (GPI)-anchored membrane protein and a soluble enzyme. In addition, these two forms exhibit different molecular weights. This difference disappeared after deglycosylation with N-glycosidase-F (Fig. 3B) . Hence, the soluble form is most likely secreted intentionally by the cell and not the product of a shedding process that renders GPI-anchored proteins free from the plasma membrane. The enzymatic activity of Xhyal2 was highest below pH 4. Quite unexpectedly, however, when HA and Xhyal2 were incubated at pH 7.4, hydrolysis of the polymer was observed (Fig. 3C, upper) . Hence, fluorograms were quantitively analyzed. The turn-over under physiological conditions was lower when compared to that at optimal acidic pH (Fig. 3C, lower) . We assume that a complete digest could not be observed due to the fact that either the respective enzymatic activity at pH 7.4 is lower than at pH 4.4 or similar to the specificity observed with human HYAL2 , or the amount of labeled HA detectable by the assay method is too high to be completely degraded within 3 days of incubation. Unlike other hyaluronidases, Xhyal2 did not hydrolyze glycosaminoglycans (GAGs) such as chondroitin sulfate A and C, heparan sulfate or heparin (data not shown). It is therefore likely that Xhyal2 recognizes and binds HA at the surface of cells and specifically dissolves HA-containing matrix by its residual enzymatic activity. Partially degraded HA may then be internalized and further digested in lysosomes.
Since Xhyal2 expressed in oocytes has hyaluronidase activity in vitro, we also checked if Xhyal2 is a member of the cellular HA-degrading system. In order to test this in vivo, Xhyal2 and b-galactosidase mRNA were co-injected into embryos. After detection of b-galactosidase activity, embryos were sectioned and the HA content was determined using the neurocan-alkaline phosphatase fusion protein (Fig.  4) . In those cells which express b-galactosidase activity, very little if any HA could be detected at their periphery. In control embryos that were injected only with b-galactosidase mRNA, no changes in the HA matrix could be detected. Moreover, the HA matrix of embryos that express b-galactosidase after a targeted injection of both RNAs into a cleavage stage embryo is solely disrupted around cells expressing b-galactosidase. Hence, we consider this also an internal control for the double staining procedure (Fig.  4C) . We therefore conclude that expression of Xhyal2 leads to degradation of pericellular HA. 35 S]methionine-labeled oocytes were homogenated and vesicular endosomal fractions were partially purified. These membranous fractions were treated with proteinase K (PK) and Triton X-100 (TX) as a detergent. Some Xhyal2 protein was protected against proteinase K in the absence of Triton X-100 (lane 2) but hydrolyzed when the vesicles were solubilized by the detergent (lane 3). (B) Xenopus oocytes injected with Xhyal2 cRNA were incubated in [
35 S]methionine containing medium; one half was also cultured in the presence of phospholipase C. Conditioned media of both culture methods were also treated with endoglycosidase F. Aliquots of the media were subjected to denaturing SDS-PAGE and labeled proteins were detected by fluorography after treatment with Amplifye (AP Biotech). (C) 5aF-HA (50 pg) was added to the concentrated medium of phospholipase C-treated oocytes expressing Xhyal2. The pH was adjusted to the indicated values (as indicated in the lower part of C) and the mixture was incubated at 188C. After agarose gel electrophoresis and transfer onto nylon membrane, the hapten was detected using an anti-fluorescein Fabalkaline phosphatase and ECLe (Biorad). Densitometric analysis of the fluorogram was performed in order to quantitate the enzymatic reaction. The recorded numbers depicted underneath each lane exhibit arbitrary gray scale values of ECL signal (HA). The yield of HA degradation (%DHA)was normalized to the amount of unreacted substrate detectable in the respective control incubation (lower row).
Ectopic overexpression of Xhyal2 in Xenopus laevis embryos
Tadpole stage embryos that had been injected with Xhyal2 mRNA at the two-cell stage were furthermore analyzed for phenotypic aberrations by in situ hybridization using b-tubulin (Oschwald et al., 1991) , Xlhbox6 (Wright et al., 1990) and Pax-2 (Heller and Brandli, 1997) as molecular markers. The expression pattern of these marker genes within the developing brain, spinal cord, migrating neural crest cells, the nephric system, eye anlagen and otic vesicle was found to be normal (data not shown). In order to evaluate the pattern of the blood vessels, benzidine/peroxidase staining of red blood cells was performed. In a normal pattern the out-branching vessels fuse properly and spread evenly within the entire ventral region (Fig. 5A) . The morphogenesis of the vitelline veins was clearly altered in 59% of the Hyal2-injected embryos (Fig. 5B,C) . Two major variations were observed: out of 172 Hyal2-injected specimens, 32 developed a heavily branched vessel system without continuous anteroposterior tapering of the plexus (Fig.  5B) . In addition to this phenotype, vascular hyperfusions were formed in 69 out of 172 cases (Fig. 5C) .
In order to determine whether the ECs of the vasculature or blood cells were affected by ectopic Xhyal2, the expression pattern of two additional molecular markers was deter- In the case of uninjected embryos, a normal patterned plexus of vitelline veins was detected as shown in (A), whereas the vessel system of Xhyal2-injected embryos was found to be either heavily branched without posterior tapering (B) and/or vascular hyperfusions were detectable (arrow) (C). mined by whole-mount in situ hybridization. One of these, the enzyme ferrochelatase (Xfer), is exclusively activated in primordial blood cells in the ventral region. The expression pattern of Xfer in embryos ectopically expressing Xhyal2 was found to be normal. This indicates that the formation of blood cells is not impaired by Hyal2 overexpression (Fig.  6C,F) . The pattern of differentiating endothelia was studied with a second marker, Xmsr. This gene which codes for a G protein-coupled membrane receptor is expressed in the procardiac tube and in the inner endothelial layer of the forming blood vessels (Devic et al., 1996) . During tailbud stages, Xmsr traces the endothelial lineage and represents a good marker for the specification of PVEC. In embryos which overexpress Xhyal2, endothelia in the procardiac tube and the branchial arches as well as the tailbud appeared to be very similar to those of controls (Fig. 6A,D) . However, the pattern of the ventral PVEC developed differently in two respects. First, expression of Xmrs was clearly decreased posterioventrally in Xhyal2-injected embryos while PVEC at anterolateral positions expressed normal levels (Fig.  6D,E) . Clearly, the PVEC in these embryos showed a different migratory behavior compared to the normal situation. Furthermore, in many cases, large clusters of cells expressing high amounts of Xmrs were found at ventrolateral positions in Xhyal2 overexpressing embryos that we never observed in the controls (Fig. 6E ). Most likely, these clusters would have later given rise to vascular hyperfusions as depicted in Fig. 5C .
In order to further evaluate whether PVEC with enhanced levels of Xhyal2 exhibit impaired migratory properties and/ or fusion potential or, alternatively, whether the disrupted integrity of the ECM that has to be penetrated and settled by PVEC causes the above described phenotypic appearance, we performed transplantation experiments. During organogenesis, PVEC develop in the lateral regions of the embryo. While migrating towards the ventral region, these cells merge and form the vitelline venous system (Köster et al., 1999) . To test these alternatives, we explanted the ventral region of a neurula stage embryo that had been injected with Xhyal2 mRNA and replaced it by an equivalent graft from an embryo expressing nlsGFP (Fig. 7A) . The explanted Xhyal2-expressing ventral region was transferred onto the nlsGFP-expressing donor embryo (Fig. 7D) . After healing, the embryos were cultured until the early tadpole stage. At this stage, the formation of the vessel system was then inspected. Embryos that had been injected with Xhyal2 mRNA but received a wild-type ventrex transplant showed a normal pattern of the vitelline vessel system in 13 out of 20 cases (Fig. 7B,C) . In contrast, dysmorphogenesis of the vessel system was observed in 20 out of 24 cases in which ventral tissue expressing Xhyal2 had been manipulated onto the ventral side of embryos expressing nlsGFP (Fig. 7E,F) . Uninjected embryos or embryos expressing nlsGFP showed no distorted pattern of the vitelline veins and no other obvious phenotypical alterations were observed (data not shown). We thus conclude that overexpression of Xhyal2, which according to the results shown in Figs. 3C and 4 results in fragmentation of high molecular weight HA in . Hyperfusion of merging PVEC in Xhyal2-injected embryos is indicated by a white arrow (E). The expression of Xfer, a marker for red blood cells, appeared largely equivalent in XHyal2-injected embryos and controls with subtle individual differences that were also observed in uninjected siblings (C,F).
the ECM, does not impair the EC differentiation or proliferation, since no particular difference between Xhyal2 overexpressing embryos with a transplanted ventrex and control embryos was observed. However, the morphogenetic field of the ventral side of early tailbuds that are deprived of a HA-rich matrix is incapable of providing the proper environment for migrating PVEC to form the highly patterned plexus of vitelline veins.
Discussion
In this contribution, we report that Xenopus Hyal2-type hyaluronidase is expressed during early embryogenesis. Due to its localization at the external side of the cell membrane and due to the fact that it is also capable of hydrolyzing HA under physiological conditions, its biological task may not just be the degradation of endocytosed HA within the lysosome but, in addition, to specifically modify HA-containing ECM. Therefore, this enzyme should also be considered as a functional element of the ECM of vertebrates.
Since HA chains of small to intermediate size or of particularly long chain length affect cell behavior very differently, it is not just the presence or absence of HA but even more so its polymeric length which is of interest. Very short HA chains have been shown to stimulate cell proliferation and initiate signaling cascades in inflammatory responses (Noble et al., 1996) and angiogenesis (West et al., 1985) . HA fragments (3-25 disaccharide units) induce EC migration and capillary formation (Montesano et al., 1996; Sattar et al., 1994) and most remarkably induce protein tyrosine phosphorylation when added to bovine aortic EC in vitro (Slevin et al., 1998) . On the other hand, high molecular weight HA chains cause the opposite effects (reviewed in West et al., 1998) : high concentrations of high molecular weight HA inhibit angiogenesis (Balazs and Darzynkiewcz, 1973) and EC proliferation (West and Kumar, 1989) and induce regression of the capillary plexus in the developing chicken limb bud (Feinberg and Beebe, 1983) . In line with this, also high molecular weight HA produced by the cumulus cells prevents premature vascularization of the preovulatory follicle by blocking EC migration and proliferation. Most remarkably, degradation of HA by hyaluronidase restores proliferation and migration of EC directed toward the cumulus. (Tempel et al., 2000) . Conclusively, EC differentiation and proliferation which is primarily induced by cytokines such as vascular endothelial growth factor (VEGF) or fibroblast growth factor may be accompanied by HA fragments. We thus propose that physicochemical modification of a uniformly composed ECM takes place in order to facilitate and tightly control aggregation, differentiation and the patterning of newly forming vessels by PVEC. At early stages of vessel differentiation PVEC are positioned at the dorsal lateral plate as shown by in situ hybridization of EC markers, like the receptor tyrosine kinase EphB4 (Helbing et al., 2000) , the homeobox gene Xhex (Newman et al., 1997) or Xmsr (Devic et al., 1996) . At this site, high molecular weight HA is to be produced by the enzymatic activity of XHAS2 (Köprunner et al., 2000) . In good accordance with this assumption, Hyal2 is expressed by PVEC. Thus, concomitantly generated HA fragments can be thought to augment this inductive process. Since no increase in the number of PVEC was observed in the case of Hyal2 overexpressing embryos, we cannot conclude nor prove if Hyal2-induced HA fragmentation in vivo sustains the proliferation of PVEC in Xenopus vasculogenesis.
However, the PVEC is well known to exhibit strong protrusive activity. The modulation of this activity is known to be crucially important for the interconnected polygonal vascular network to become arranged and in due course assembled to the primary vascular network (Drake et al., 1998) . As a consequence of ectopic expression of Hyal2 as shown in Fig. 4 , the composition and in due course the physicochemical properties of the extracellular environment is altered. Our experiments presented in Fig. 5 explicitly addressed this question. We injected Hyal2 mRNA to assess the functional role of HA in the ECM of embryos. A lack of HA appears to heavily impair budding, fusion and branching morphogenesis that are induced by growth factors such as VEGF (Cleaver et al., 1997; Drake et al., 2000) .
Two types of vasculogenesis had been proposed by Poole and Coffin (1991) : vessels either form in situ at the location where PVEC arise or these cells migrate to their destined location. In case of the vitelline veins the latter option is obviously highly favorable. In line with this, in Hyal2-injected embryos we have found most of the vascular hyperfusions in the anterior ventrolateral region. We would like to suggest that this is most likely due to a reduced migratory potential of PVEC in Hyal2 overexpressing embryos. We therefore manipulated the ventral region of neurula embryos being careful not to damage the lateral plate. PVEC descending from the lateral plate of Hyal2-injected embryos arrange themselves into a normal vascular pattern. On the contrary, normal PVEC from the flanks of uninjected embryos fail to pattern vitelline veins in the transplanted ventrex expressing Hyal2. This indicates that PVEC rely on HA as a substratum and employ differential Hyal2 expression to reorganize their immediate environment to achieve proper patterning of the ventral blood vessel system. Furthermore, we infer that precise formation of the ventral vessel system must be related to differential expression of Hyal2 in endothelial precursors, because the prerequisite that cells penetrate HA-enriched matrix of the mesodermal layer cannot take place otherwise.
Moreover, these data fit very well with the concept of steric exclusion of spherical macromolecules by randomly associated rods (Ogston, 1958) . This hypothesis has been specifically applied to polysaccharides (Laurent, 1964) and was experimentally tested with biological cells by Morris (1979) . In organogenesis, according to this model, cells coated by a glycocalyx of linear polysaccharide would disperse and then migrate down a viscosity gradient of excluding matrix polymers (Newman and Comper, 1990; Edwards, 1978) . Cellular exclusion by a linear polymer obviously is a function of both concentration and viscosity. Cells that internalize or destroy their surface coat would be excluded into a smaller volume and aggregate as a consequence (Morris, 1993) . Low molecular weight GAG such as chondroitin sulfate effectively promotes aggregation, whereas highly viscous solutions of HA inhibit this phenomenon. The bulk viscosity at the same concentration of HA decreases dramatically as the polymer is shortened (Bothner-Wik and Wik, 1998) . PVEC differentiate in a matrix enriched with high molecular weight and thus highly viscous HA that is synthesized by XHAS2. At the ventral side of the embryo, the matrix is comprised of HA of intermediate size polymeric chain length synthesized by XHAS1 (Köprunner et al., 2000) . According to the proposed model, PVEC migrate down the HA gradient to the ventral side of the embryo. Short HA chains that will promote aggregation are generated by degradation of extracellular HA by the action of a soluble and/or membrane-bound hyaluronidase such as Hyal2. The latter is even easier accomplished in the ventral region with its already presynthesized intermediate length HA. Most likely, this program was disturbed by ectopic overexpression of Hyal2 thereby having destructed the endogenous instructive gradient and/or substratum for cellular migration. We thus conclude that for the strictly coordinated processes in development, synthesis or generation of distinctly sized HA would indeed be advantageous. In this way an environment is created that is needed for an intended program of differentiation and morphogenesis.
Obviously, the presented data cannot procure a unifying concept of how vessels are being formed. Nevertheless, we are convinced that we have unambiguously demonstrated that HA anabolism and catabolism as well as physicochemical features of HA need to be considered even more in order to understand this intricate process.
Experimental procedures
4.1. Embryo production, dissection, histology, and HA localization Xenopus laevis females were induced to superovulate by injection of 700 units of human chorionic gonadotropin. Eggs were fertilized in vitro by sperm released from minced testes. The jelly coat was removed using 2% cysteine (pH 7.9) (Sigma) and embryos were reared in 0.1 £ MMR (1 £ MMR: 100 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES, pH 7.4). Staging was performed according to Nieuwkoop and Faber (1967) . For in situ hybridization, specimens were fixed in PEMFA (3.7% formaldehyde, 1 mM Mg 21 , 2 mM EDTA, 100 mM PIPES, pH 6.8). In order to retain HA during fixation and histological preparation, PEMFA was supplemented with 0.5% cetylpyridinium chloride (PEMFA-CPC). Fixed specimens were stored in ethanol at 2208C.
For detection of HA, embryos were embedded in paraffin after fixation, sectioned with the aid of water-mounted glass knives and transferred onto poly l-lysine coated slides (Sigma). After partial (40%) rehydration the sections were fixed again in PEMFA-CPC for 1 h at 558C, extensively washed with PBST (PBS containing 0.1% Tween-20) and blocked for 1 h in PBST plus 0.5% non-fat dry milk. The sections were equilibrated in buffer B (PBST, 2 M NaCl, 41 mM MgSO 4 ) for 2 h and incubated for 3 h at room temperature in HABP (10 mM Na-phosphate (pH 7.0), 1.5 M NaCl, 0.08% BSA) containing 0.01 volume of conditioned medium derived from HEK293 cells expressing the HAbinding domain of neurocan fused to alkaline-phosphatase (kindly provided by Uwe Rauch, University of Lund, Sweden). Thereafter, the sections were extensively washed in buffer B, equilibrated in alkaline phosphatase buffer and stained with BM-Purple (Roche, Germany). Controls were treated with either bovine sperm hyaluronidase (Sigma) or Streptococcus HA lyase (Sigma) before refixation.
4.2. mRNA purification, cDNA isolation, and whole-mount in situ hybridization RNA purification and cDNA library screening was performed as described previously (Lepperdinger et al., 1997) . A probe for Xhyal2 was obtained using as a template for nested PCR the degenerated oligonucleotides (forward 1: GGN HTN GCN GTN ATH GAY TGG GAR KMN TGG; forward 2: TGG GAR KMN TGG MGN CCN VVN TGG GYN HKN AAY TGG; reverse: RTT RTR RCA RTC NGG RWA NRV RTA RWA NCC CCA) and genomic DNA isolated from Xenopus skin. The resulting fragment was used to screen a stage 24 lgt11 cDNA library (Richter et al., 1988) . Inserts from positive phage clones were ligated into the pZErO-2 vector (Invitrogen) and sequenced with the Thermo Sequenase cycle sequencing kit (Amersham Life Science) using an automated LICOR sequencer (MWG Biotech, Germany). The resulting cDNA sequence was deposited in GenBank (AF314207).
In situ hybridization was performed as described (Harland, 1991) . Plasmids containing cDNA inserts of Xhyal2, ferrochelatase and Xmsr1 were linearized and anti-sense RNAs were transcribed in vitro in the presence of 11-UTP digoxigenin (Roche, Germany). Stained wholemounts were fixed in PEMFA and imaged with the aid of a dissection microscope (Wild, Leitz) equipped with a SPOT-II camera (Visitron Systems) and/or processed for paraffin sectioning.
Frog surgery, oocyte preparation, RNA injection, and protein analysis
A small lobe of the ovary was surgically removed from an adult Xenopus laevis female. The isolated ovary was rinsed in OR2 buffer (82.5 mM NaCl, 2.5 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 1 mM Na 2 HPO 4 , 5 mM HEPES, pH 7.8) and individual oocytes were manually defolliculated using fine watchmaker's forceps. Oocytes were cultured in OR2 containing 100 units/ml penicillin and 100 mg/ml streptomycin at room temperature.
The coding regions of Xhyal2 and the nuclear-targeted form of GFP (nlsGFP) were cloned into pT7TS (a gift from P.A. Krieg, University of Arizona) suitable for generating in vitro transcribed capped mRNA after linearization by BamHI. R. Harland, UC Berkeley, donated pCSnlsbgal. Capped cRNAs were transcribed with the aid of an Ambion mMESSAGEmMACHINEe in vitro transcription kit. About 50 ng of the resulting RNA was injected with the aid of a Nanoliter Injector (World Precision Instruments) into oocytes that were subsequently cultured in OR2 containing 35 S-labeled methionine and cysteine (Translabel, American Radiochemicals) at room temperature for up to 4 days. Alternatively, 1.5 ng RNA was injected into the animal half of one-or two-cell stage embryos which were subsequently cultured in 0.1 £ MMR supplemented with 3% polysucrose (Ficoll), 100 units/ml penicillin and 100 mg/ml streptomycin.
In order to isolate microsomal compartments, the plasma membranes with the adhering cortical region of Xhyal2 expressing oocytes were manually removed and homogenized in OR2 buffer. The resulting extract was centrifugated through a 20% sucrose cushion in OR2. The membranous pellet was digested with 50 mg/ml proteinase K for 15 min at 08C. In addition, the reaction was performed in the absence of 0.5% Triton X-100. GPI-anchored proteins were released from the surface of oocytes by the addition of phospholipase C (Sigma-Aldrich, 0.1 unit/oocyte cultured in 50 ml OR2 containing 50 mg/ml BSA). Deglycosylation was preformed after the culture media were brought to a final concentration of 17 mM EDTA and 200 mM sodium acetate by the addition of 2 units of N-glycosidase F (Roche) at 378C overnight. Hyaluronidase activity was tested at different pH values (100 mM sodium phosphate first adjusted with citric acid to pH 3.4 and then titrated to the desired pH with sodium hydroxide) using the supernatant of phospholipase C-treated oocytes and hapten-labeled HA as substrate. Hapten labeling of HA and subsequent detection on filter blots was performed as described previously (Müllegger et al., 2001 ). The ECL signal was detected on Hyperfilm ECL (Amersham Pharmacia Biotech, UK) which subsequently was scanned using a HP scanjet II CX/T. The resulting tiff file was analyzed using the AIDA Image Data Analyser software version 2.11 (Raytest Isotopenmessgeräte GmbH, Germany).
Homogenized oocytes expressing Xhyal2 were also incubated with chondroitin sulfate A, B, and C, heparin, heparan sulfate and HA (5 mg each) at pH 3.4 and pH 7.4. In this case, the agarose gel was stained with the dye 'stains-all' (Lee and Cowman, 1994) .
Tissue transplantation and blood cell staining
Transplantations of ventrices were carried out on stage 18 embryos injected with either nlsGFP or Xhyal2. For surgery, embryos were immobilized side-by-side with their dorsal sides in plasticine. The transplants consisting of ventral ectoderm, mesoderm and endoderm were cut with the aid of a Gastromaster microsurgery tool (Xenotek Engineering) taking care not to cause any damage to the archenteron. Tissue exchange was performed in 0.5 £ MMR. After healing of the wounds, the embryos were transferred into 0.1 £ MMR.
Heme-containing proteins were detected chemically as described previously (Hemmati-Brivanlou and Thomsen, 1995) . Briefly, embryos were fixed for 5 min in 12% glacial acetic acid containing 0.4% benzidine (Sigma). The reaction was started by the addition of hydrogen peroxide to a final concentration of 0.3% and the stained specimens were imaged during the staining procedure.
